Particle characterization in dispersed multiphase flows is important in quantifying transport processes both in fundamental and applied research: Examples include atomization and spray processes, cavitation and bubbly flows, and solid particle transport in gas and liquid carrier phases. Optical techniques of particle characterization are preferred owing to their nonintrusiveness, and they can yield information about size, velocity, composition, and to some extent the shape of individual particles. This review focuses on recent advances for measuring size, temperature, and the composition of particles, including several planar methods, various imaging techniques, laser-induced fluorescence, and the more recent use of femtosecond pulsed light sources. It emphasizes the main sources of uncertainty, the achievable accuracy, and the outlook for improvement of specific techniques and for specific applications. Some remarks are also directed toward the computational tools used to design and investigate the performance of optical particle diagnostic instruments.
INTRODUCTION
When speaking of optical particle characterization in flows, one usually interprets the term particle to mean a droplet, bubble, or a solid particle or indeed some combination of the three, such as a droplet with suspended solid particles. This already indicates the rather broad spectrum of flows and processes for which diagnostics for particle characterization can be in demand. The importance of particle characterization cannot be underestimated, not only in the process industry and quality control, but also in academic research. Fuel sprays, agricultural sprays, spray drying of foodstuffs or pharmaceuticals, domestic sprays, and spray cooling are just a few examples for which reliable knowledge about particle sizes or evaporation rates can be deciding factors in the performance or economy of a system. Whereas early optical diagnostics were restricted to the determination of velocity and number density of particles in a flow, estimates of size became feasible with a number of laser-based systems, and since then the characterization of particles has been extended for special situations to include temperature, concentration (for multicomponent/multiphase droplets), shape, and species. Nevertheless, today the determination of most of these quantities still remains a challenge; moreover, the associated measurement uncertainty is often quite difficult to quantify.
Optical diagnostics remains attractive because of the inherent nonintrusiveness, despite the necessity of optical access to the measurement location, and many experiments are designed specifically to accommodate this requirement. However, the field of optical particle characterization is broad and involves many applications not directly associated with fluid mechanics (e.g., analytic tasks, cytometry, reaction and cooling crystallization systems, and dynamic light scattering). The present review does not consider techniques for such applications, as well as those involving the bulk characterization of particle ensembles. The focus of this review remains on registering and characterizing single particles in a flow. Finally, the size range discussed encompasses those particles addressed when speaking of multiphase flows (i.e., approximately 0.5 μm to several hundred micrometers).
Statement of the Problem and Some Historical Remarks
We borrow Damaschke et al.'s (1998) pictorial classification of particles, in which the complexity of optical particle characterization becomes evident (Figure 1 ). Whereas for a homogeneous, spherical particle of known substance the diameter and the (complex) refractive index fully characterize the particle, for more complex particles additional parameters are required to describe shape, orientation, and composition. However, the mathematical description of a particle (shape, composition, optical properties) already poses challenges but is an essential first step to develop suitable diagnostic techniques, as indicated in Figure 1 . The choice of model for different particle shapes will directly influence not only the chosen formulation of the light scattering, but also the information that is to be finally resolved in a measurement.
The second step involves a description of the light scattered from the particle. For homogeneous spherical particles, exact solutions of Maxwell's equations by Lorenz (1890) and Mie (1908) (van de Hulst 1981) yield a complete description of the scattered light from a plane incident wave. Debye (1908) interpreted the scattered light from a cylinder in terms of different scattering orders, and van der Pol & Bremmer (1937) generalized this for the sphere. For larger particles, light scattering can be approximated by geometric optics (GO) (Glantsching & Chen 1981 , van de Hulst 1981 . GO has been extended to describe smaller particles and to take into account diffraction and surface wave contributions to the scattering (Hovenac & Lock 1992 , Borys et al. 1998 ). However, often laser beams are used as an illuminating source, and for many applications (i.e., when the beam waist is focused to the order of the particle diameter or smaller), the peculiarities of the laser beam (Kogelnik & Li 1966 , Barton 1997 and their deviation from a plane wave must be taken into Classification of particles and steps toward diagnostic techniques.
Mie parameter: x = d p π/λ, where d p is the particle diameter and λ is the wavelength of light
Interference: the superposition of two or more waves resulting in a new wave pattern account. Although this is conceptually straightforward using a GO approach, it is nevertheless tedious . Moreover, the wave (field) theory must be extended beyond the LorenzMie theory when nonplanar waves are involved. Two approaches have been widely used, the Fourier-Lorenz-Mie theory (Albrecht et al. 1995 (Albrecht et al. , 2003 and the generalized Lorenz-Mie theory (Barton 1997 , Gouesbet & Gréhan 1982 , Gouesbet et al. 1988 , Gouesbet 2009 ). Reviews of elastic light-scattering theories can be found in Wriedt (1998) and Gouesbet & Gréhan (2010) and their use in particle characterization in Jones (1999) .
Some Basic Fundamentals of Light Scattering
Some basic principles of light scattering from particles may be helpful to understand the subsequent discussions. Optically the particle size range can be expressed in terms of the Mie scattering parameter x m . The scattering ranges are Rayleigh (x m < 1), GO (x m > 90), and the intermediate range called the Mie region (Figure 2) . The relative refractive index m = n p /n o is the ratio of the refractive index of the particle to that of the surrounding medium and is a further parameter of influence for light scattering, being larger than unity for liquid droplets in gas and smaller than unity for gas bubbles in liquids. The nonmonotonic dependence of scattered intensity on particle size (Figure 2a) can be interpreted as the interference of various scattering orders (e.g., reflection and first-order refraction) in the far field, leading to interference fringes and resulting in intensity modulation. For GO, the various scattering orders can also be visualized as rays through the particle (Figure 2b) , leading to individual contributions to the total scattering intensity, depending on the scattering angle (Figure 2c) . The intensity of transmitted and reflected light at each interface is described by 
Fresnel equations:
describe the behavior of light when moving between media of differing refractive indices the Fresnel equations and is a function of relative refractive index and polarization (Hecht & Zajac 2003) . The situation becomes more complex if a Gaussian beam of finite width (and not a plane wave) is incident (Figure 2d ), which is dealt with by using Fourier-Lorenz-Mie theory or generalized Lorenz-Mie theory.
Light Scattering by Nonspherical Particles
Calculation of light scattered by a nonspherical particle can be performed mainly by the use of variable-separation-based theories: surface-based or volume-based theories (Asano & Yamamoto 1975 , Kerker 1988 , Wriedt 1998 . The variable-separation solution to light scattering is available for several regularly shaped particles following isolines of a certain type of orthogonal curvilinear coordinate system. For an arbitrary shaped particle, the boundary condition across the particle surface can still be imposed to apply the surface-based solutions [e.g., the T-matrix method (Doicu et al. 2000 , Mischchenko et al. 2000 , generalized multipole technique (Ludwig 1991) , and moment method (Harrington 1968) ]. For an irregularly shaped particle with complicated inhomogeneity, the particle and medium might be divided into grids for scattering calculation by use of volumebased solutions [e.g., finite-element method (Volakis et al. 1994 ), finite-difference time-domain method (Yee 1966) , and discrete dipole approximation (Purcell & Pennypacker 1993) ].
However, most electromagnetic theories for nonspherical particles lack computational efficiency for large particle sizes, in which case GO may be used complementarily. Moreover, they do not readily explain the physical mechanisms that cause various prominent intensity features. In contrast, the Debye series allows a detailed view of scattering by decomposing it into various orders, with each order p corresponding to the transmitted partial waves experiencing ( p − 1) internal reflections. In this way, one can identify the physical cause of various features of the Mie scattering curve, as well as their dependence on the particle properties. This physical insight gained from Debye theory is of great help in designing instruments in an optimal manner. As an extension of the Debye series for a sphere (van der Pol & Bremmer 1937) , the Debye series for a nonspherical particle was recently developed by Xu et al. (2010) . Table 1 presents an overview of optical particle characterization according to measurement principle and measured quantity. The most-suitable technique for a given application depends on many further factors, including required resolution and dynamic range, optical access, and particle concentration (Black et al. 1996 , Damaschke et al. 2002b ). Moreover, in most fluid mechanics applications, an estimate of flux density and/or concentration is required; hence a velocity measurement is generally also required, thus disqualifying some sizing techniques (e.g., diffraction-based instruments and laser-induced incandescence). Moreover, many techniques listed in Table 1 are suitable only for particular conditions-in particular, the assumption of particle sphericity is frequent. Recent developments for a selection of these measurement principles are summarized in the following sections, beginning with the measurement of velocity, fluxes, and distributions and continuing with techniques for further scalar quantities. One overriding consideration in almost all the techniques discussed is the achievable measurement accuracy, and certainly with imaging techniques this depends heavily on the dynamic range, sensitivity, spatial resolution, and signalto-noise ratio of the cameras and/or sensors employed (Hain et al. 2007) . Indeed the technological developments in this area are certainly responsible in many ways for the current rapid progress in the field of optical particle characterization. We note that the techniques listed in Table 1 comprise both elastic scattering of light from particles and inelastic light scattering (e.g., fluorescence or Raman scattering). Inelastic scattering occurs when the scattered light is not of the same wavelength as the incident light; i.e., the incident photon interacts with the particle matter and transfers energy.
MEASUREMENT TECHNIQUES

Measurement of Velocity, Fluxes, and Distributions
For the most part, velocity measurements are performed using either laser Doppler velocimetry (Albrecht et al. 2003) as a point measurement technique or particle image/particle tracking velocimetry (Raffel et al. 2007 , Adrian & Westerweel 2010 as a whole-field technique. Time of flight through two or more volumes has also been used, whereby solutions exist in which more than one velocity component can be measured (Schodl & Förster 1988) . Laser sheets rather than focused laser beams can be used for time-of-flight measurements to insure that oblique trajectories will also be properly registered. A velocity measurement is usually indispensible in particle characterization as flux density and concentration estimates require this information and, fluid dynamically speaking, the heat and mass transfer from the particle will depend on the relative velocity. This latter point suggests that the carrier velocity must be acquired independently, and this is often done by intentional and separate seeding of the carrier flow, with a laser Doppler or particle image/particle tracking velocimetry measurement distinguishing the second phase through wavelength or size if there is a significant size difference between phases. In particular, fluorescent particles can be used for one of the phases if wavelength differentiation is employed.
The measurement of distributions, flux density, and number concentration is essential to many applications, but it is also much more difficult than at first glance (Roisman & Tropea 2001) . The flux density vector q of an arbitrary extensive scalar property P from N p particles is
where T is the total measurement time, N val is the number of validated particles (not necessarily the number of particles, N p ≥ N val ), and e v,i is the unit vector in the direction of particle motion. η val,i is the average number of particles corresponding to each validated signal i and is a correction factor accounting for the fact that if two or more particles are in the detection volume simultaneously, the signal processor may only register one particle (Roisman & Tropea 2001) . Typical examples for the scalar property P are
where ρ is the density of the particle, and v p is the vector velocity. We note that three velocity components are required in Equations 1 and 2 (for e v,i and v p,i ), unless a priori information is available about the velocity field. Furthermore, one can (and must) distinguish between a local distribution of particles at a particular instant in time (volume distribution) and a local distribution
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Figure 3
Visualization of local volume and flux density distributions. The particles that move through the unit area during time T are projected with dark circles. A positive correlation between particle size and particle velocity leads to a larger mean particle diameter in the flux density distribution than in the volume distribution. Small particles at the back of the unit volume do not cross the unit area in time T, whereas large particles do.
of particles crossing a unit area per unit time (flux density distribution), as illustrated in Figure 3 . These two quantities are only the same if all the particles are convected with the same velocity. Three main sources of error in the measurement of distributions, fluxes, and number concentration are errors in sizing, errors in counting (missed particles), and errors in knowing the reference area (or volume). Let us consider the estimation of reference area A val (or volume). We speak of detection volume, as whether a particle is registered depends not only on the illuminated volume, but also on how the volume is imaged, the detector sensitivity, and the electronic signal (or image) processing software. For these reasons, a calibration is inevitably required to determine the detection area/volume. The real problem arises from the fact that the detection volume itself may be size dependent, as the scattered light intensity is size dependent, in the Mie range proportional to d 2 (large particles are seen, whereas small particles are not). Furthermore, most techniques involve the use of laser beams, which exhibit a Gaussian intensity profile (particles in the middle are seen, whereas particles at the edge are not).
This problem of estimator bias is equally severe for both point measurement techniques (e.g., phase Doppler) and whole-field imaging techniques with laser sheets. Unfortunately, validation through comparison with other techniques is difficult and requires extreme care in execution; even then error estimates from one study are seldom valid for the next (Dullenkopf et al. 1998 , Widmann et al. 2001 , Aísa et al. 2002 . Overall, estimates of uncertainty of mass flux measurements range from 20% up to several hundred percent! This precludes the common expectation that, for instance, the evaporation rate in a spray can be measured by taking the difference in mass flux density on two downstream planes of a spray-the uncertainties are usually much larger than the expected measurement value.
Measurement of Scalar Quantities
The most frequent scalar quantity to be measured from each particle is its size; however, as Glare points: the intensity maxima seen when a particle illuminated by a wide beam is viewed from a certain direction and imaged Shaped beam: an illuminating beam for which the intensity or phase across the particle is not uniform measurement techniques. In the following discussion these possibilities are discussed according to the respective measurement principle.
Direct imaging.
Backlighting and image capture on a camera offer a viable means to estimate the size of a particle (shadowgraphy) (Bongiovanni et al. 1997 , Hofeldt & Hanson 1991 ; several simultaneous views can be used for size estimation of nonspherical particles, and the appropriate depth of field can limit the detection volume. Velocity can be measured either by particle tracking between pulsed illuminations or by combining the shadowgraphy with a laser Doppler system, known as shadow Doppler velocimetry (Hardalupas et al. 1994 , Jones et al. 2002 , Matsuura et al. 2004 , with both options commercially available. The latter solution has the advantage of being a pointwise measurement and presumably being applicable to higher particle concentrations, although systematic performance tests are not available (Morikita & Taylor 1998) . Principally, shadowgraphy offers the advantage of measuring both nonspherical and nonhomogeneous particles, in that case employing more than one camera.
More recently, however, direct imaging of glare points has also become possible with the advent of fast, high-resolution cameras (van de Hulst & Wang 1991) . This situation is illustrated schematically in Figure 4 . Here the distance between glare points depends on the scattering angle at which the camera is placed and the relative refractive index, but then there exists a unique relation between glare-point distance and particle size. This technique, recognized very early (König et al. 1986 , Hess 1998 , has seen renewed interest because of its potential to be applicable in flows with higher particle concentration and to provide information about the shape of the particle. Recent work has employed polarization separation of glare points to extend the technique to smaller particles (Hess & L'Esperance 2009).
Intensity and intensity ratio.
Intensity as a direct measure of particle size has always been plagued with difficulties, as detected intensity is dependent on so many other parameters of a flow system (e.g., trajectory of particle through a shaped beam/sheet, obscuration of incident and scattered light, extinction), despite some early attempts to remove the necessity of calibration (Farmer 1972 , Bachalo 1980 , Men et al. 1981 , Hofeldt 1993 . There is also the basic difficulty that, in the Mie scattering range, the intensity is not monotonically dependent on particle size (Figure 2a) .
Much more promising is the use of intensity ratio(s), in which common disturbing influences can be cancelled. The use of fluorescent tracers in droplets, and the assumption that the intensity of fluorescence is proportional to the droplet volume (d 3 ) while the ratio of Mie scattered light is proportional to d 2 p , a ratio of the intensities, distinguished by wavelength, will result in a size estimate (Yeh et al. 1993 , Jermy & Greenhalgh 2000 , Domann & Hardalupas 2001a . This technique, known as planar droplet sizing, has been pursued mostly using a laser light sheet and imaging cameras. More detailed studies confirm that for water or fuel droplets a scattering angle of υ s = 90
• is quite appropriate; however, the accuracy may depend on dye concentration and droplet size; therefore, a calibration becomes inevitable (Domann & Hardalupas 2001a ). This suggests that the technique will encounter difficulties when droplets are evaporating and changing size, and this has been confirmed especially for smaller droplets (d p < 60 μm). Estimates of achievable size accuracy for ideal conditions range from 10% to 30% (Domann & Hardalupas 2003) .
Very recent work has explored the intensity of fluorescence when the illumination is a focused (shaped) beam rather than a uniform sheet, and for such an arrangement the particle size information is contained not only in the signal amplitude but also in its duration, assuming a velocity measurement can also be made (Frackowiak & Tropea 2010a,b) . This then removes the pure (problematic) intensity dependence. What has become clear in these and earlier studies is that LIF: laser-induced fluorescence the fluorescent signal is not proportional to d 3 p : due to absorption, focusing of the incident light (especially for small particles), and the imaging detectors not seeing the entire inner volume of the particle for any given scattering angle. These blind spots in the particle arise because of the lens effect given by the particle interface, which is understandably more prominent with smaller particles.
Laser-induced fluorescence (LIF) as an intensity method is also widely used for temperature measurements of droplets (Murray & Melton 1985) , temperature gradient measurements (Castanet et al. 2003 (Castanet et al. , 2005 , and, to some extent, species and concentration of multicomponent droplets (Maqua et al. 2007 ). In particular, when fluorescent dyes are used to detect both vaporized and liquid phases, a careful choice of dyes must be made (Coppeta & Rogers 1998 , Düwel et al. 2003 , Schulz & Sick 2005 , Deprédurand et al. 2008 . Whereas initial attempts for size and concentration measurements were also based on intensity (Bazile & Stepowski 1994 Lemoine et al. 1999) , much more accurate measurements were obtained by introducing two-color (Hishida & Sakakibara 2000 , Lavieille et al. 2001 ) and three-color (Maqua et al. 2007 ) LIF from single dyes or ratiometric schemes from two different dyes (Coppeta & Rogers 1998) .
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Brewster angle: the angle of incidence at which light with a particular polarization is perfectly transmitted through a surface, with no reflection [equal to π − 2 arctan(m)]
The basic principle behind such techniques rests on the temperature dependence of the fluorescence quantum yield. By taking the ratio of detector signals at two or three different bandwidths, one can cancel out other influencing factors. Using three colors, Lavieille et al. (2004) removed the influences of local laser power, tracer concentration, probe volume size, and Beer-Lambert absorption of the incident intensity, although some dependencies remained on size, which is of importance for evaporating sprays (Labergue et al. 2010 ). This ratiometric technique, combined with laser Doppler velocimetry, is commercially available.
Interferometry.
A rather large number of measurement techniques fall under the general classification of interferometry (see Table 1 ), of which the phase Doppler technique, since its inception in 1981 (Flögel 1981 , Bauckhage & Flögel 1984 , Saffmann et al. 1984 , Bachalo & Houser 1984 , has become a de facto standard in sizing homogeneous, spherical particles. The phase Doppler technique is based on the interference of the same scattering order from two beams incident on the particle; a velocity measurement follows from the laser Doppler arrangement inherent in the system. The phase Doppler technique is normally considered a pointwise measurement, although the same principle can be implemented using two intersecting laser sheets, known as the global phase Doppler technique (Damaschke et al. 2005) . The measurement principle of phase Doppler can be exploited using various optical configurations, as indicated in Figure 5 . The detector position is chosen at an off-axis scattering angle (ϕ) for which one scattering order dominates. For the example of water in air, Figure 2c indicates that, with parallel polarized light, an angle of 73
• (Brewster angle) would be appropriate, as first-order refractive light ( p = 2) dominates completely. Each laser beam exhibits a glare point for this order on a meridial line of the sphere and in the far field (out of focus). This leads to interference fringes, whose separation is inversely proportional to the particle diameter. For the standard phase Doppler arrangement (Figure 5a ), the phase difference between fringes on two detectors placed at the elevation angles ± ψ is then equal to
The proportionality constant between the measured phase difference and diameter contains only geometric quantities; hence the phase Doppler technique is often considered calibration free, although the overall accuracy is often determined by the accuracy of the angles in Equation 3. The intersecting laser beams also form a laser Doppler measurement volume; hence the frequency of the resulting signal corresponds linearly to the particle velocity. Two typical high-pass filtered Doppler signals exhibiting such a phase shift are illustrated in Figure 5d . In the standard arrangement, a third detector is added to resolve the 2π ambiguity in the phase difference measurement. Alternatively, the detectors can be arranged in the plane of the intersecting incident beams, in which case the detectors have the same elevation angle but two different scattering angles, which also results in a phase difference between the received signals. The glare points for these signals lie on an equatorial plane of the particle. The combination of the two optical configurations is known as the dual-mode phase Doppler (Tropea et al. 1996) . Comparing the phase shift measured using the pair of detectors with the standard phase Doppler with the phase shift from the planar phase Doppler allows one to detect the sphericity of the particle (Figure 5c) . Indeed, this sensitivity to sphericity is one of the primary advantages of the dual-mode arrangement (Damaschke et al. 1998) . Of course, a second velocity component is automatically available, which is essential for increasing the accuracy of flux density measurements, as mentioned in Section 2.1. The accuracy of the size measurement under ideal conditions can be reduced to less than 1%. Estimates of tolerable particle concentrations using the phase Doppler technique range from 10 particles mm 100 particles mm −3 . The actual limit depends in a complex manner on many factors, including the size distribution itself. Improvements to the realizable concentration limits have been achieved by restricting the detection volume on the receiver side using slit apertures.
It is important to note that if any refractive scattering orders are used in setting up the phase Doppler system (i.e., if reflection is not used), then the phase difference will depend on the relative refractive index (see Equation 3 ). In principle, therefore, by building in redundancy of the phase measurement, an estimate of the relative refractive index can be made. This may be interesting for distinguishing between dissimilar particles in a flow, but the estimates are generally not accurate enough to deduce the temperature of the particle (e.g., for a liquid droplet) from the relative refractive index. There have been many suggestions for building in redundancy while still maintaining a spherical validation. These include adding further detectors at additional scattering angles, known as the extended phase Doppler (Durst & Naqwi 1990 , Pitcher et al. 1990 Naqwi et al. 1991 , Volkholz et al. 1998 . Onofri et al. (1996) suggested a combination of the phase Doppler technique with the time-shift technique in which scattering angles for the detectors are chosen such that signals from two different scattering orders-typically reflection and first-order refraction-are received separated in time. The time shift, as discussed in more detail below, arises by insuring that the incident beam is focused so that it is the same order in size as the particle, or smaller. Thus the redundancy of measurement is obtained by using two different scattering orders separated in time as the particle passes through the measurement volume, which has been termed the dual-burst technique (Onofri et al. 1998 ). In principle, also the absorption coefficient of light in the particle can be estimated from the difference in amplitude between the reflected signals and refracted signals, albeit with the usual difficulties involved in amplitude methods, as indicated above. The time-shift effect exploited by Onofri et al. (1996) for extending the capabilities of the phase Doppler technique arises in a less desirable situation whenever the particle size becomes larger than the measurement volume dimensions. If the contributions to the signals arising from different scattering orders are not clearly separated in time but overlap, then the phase difference is some mixture between that expected for the various scattering orders, again typically involving reflected and first-order refracted light. This leads to erroneous estimates of the particle diameter and was first recognized by Saffmann (1986) and termed the trajectory effect. Other authors studied this effect in detail, sometimes calling it the Gaussian beam defect/effect (Sankar & Bachalo 1991 , Gréhan et al. 1993 , Albrecht et al. 1996 .
There have been a number of strategies to alleviate this source of error. One suggestion is to monitor the amplitude of the signal (Sankar et al. 1992) . A large particle erroneously detected using a wrong scattering mode due to its trajectory will yield a low signal amplitude. A size-dependent amplitude threshold could eliminate such errors. Several other suggestions are based essentially on building up redundancy in the measurement (Aizu et al. 1993 , Xu & Tropea 1994 , and one suggestion avoids the effect by adding detectors at a certain position, such that the ratio of the respective phase differences is no longer affected by trajectory (Qiu & Hsu 1999) . Of course, the most reliable approach to avoid such errors is to insure that the measurement volume is always considerably larger than the largest particle to be sized.
Another technique similar to the phase Doppler technique, but involving the interference of two scattering orders from a single illuminating beam, is also becoming more widely used, usually implemented in a planar configuration. This technique has its origins in König et al. (1986) , Ragucci et al. (1990), and Anders et al. (1991) and later in Glover et al. (1995) , who termed the technique ILIDS (interferometric laser imaging for droplet sizing), despite the fact that the technique is not limited to the sizing of droplets. A more general designation is interferometric particle imaging (IPI). The measurement principle can be immediately understood by examining Figure 4 and imagining the two glare points on the surface of the particle as two light sources. In the far field, these two glare points result in interference fringes, whose spacing will depend on the glare-point distance and some additional, known optical parameters, including the relative refractive index of the particle. This principle is illustrated schematically in Figure 6a , in which the far-field interference is seen by defocusing the glare-point images from Figure 4 . An image obtained from a laser sheet intersecting a water spray is shown in Figure 6c , whereby the fringe spacing in each droplet image is inversely proportional to the particle size (Semidetnov & Tropea 2004) . The out-of-focus image size of each particle is related to the position of the particle on the optical axis, which is, however, not easy to measure with a high degree of accuracy. Combining the planar laser illumination for the IPI with a pulsed operation allows the particle velocity to be determined (particle tracking), and by monitoring the change of particle image size, one can also estimate the third velocity component. More recent work has introduced so-called optical compression to increase the measurable particle concentration limits of the technique, as well as made further improvements in the signal processing (Maeda et al. 2000 Kawaguchi et al. 2002) . Nevertheless, this technique and the global phase Doppler technique exhibit significantly lower measurable concentration limits than the phase Doppler technique (Damaschke et al. 2002b) .
The IPI technique is expected to have a similar sensitivity to the nonsphericity of particles as the phase Doppler technique, although a rigorous study has not been performed to date. One distinct advantage of IPI over the phase Doppler technique is that the coherence length of the illuminating beam/sheet need not be much longer than the dimension of the particle, because this is the maximum path-length difference involved in producing the interference fringes. Nevertheless, a collection angle must still be chosen such that the two scattering orders involved are approximately equal in intensity; otherwise the modulation depth of the interference fringes suffers, leading ultimately to a lower signal-to-noise ratio (i.e., higher measurement uncertainty of size). Fortunately, for liquids with a relative refractive index that is approximately that of water in air (m = 1.33), a 90
• collection angle is quite appropriate, which is seen in Figure 2c by comparing the amplitude of the reflected and first-order refracted light at a 90
• scattering angle. If the global phase Doppler or IPI technique is used in combination with particle tracking, then the position of the out-of-focus particle images must be determined with high accuracy, which turns out to be quite difficult, especially at higher concentrations at which considerable image overlap occurs. In this case it is advantageous to use two cameras, one in focus and another out
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CCD: charge-coupled device
Rainbow: the interference of two rays of the same scattering order passing through the particle on different paths but exiting with the same scattering angle of focus, to determine the particle position in the camera plane to a higher degree of accuracy. This combination of IPI and particle image/particle tracking velocimetry can also be extended to include tracer particles in the carrier phase, hence allowing the velocity of two phases (i.e., relative velocity) to be measured with one optical system (Hardalupas et al. 2010) . Particle sizing using holography is not new (Thomson 1974 , Jones et al. 1978 , Shimizu et al. 1982 , but the technique became significantly more attractive with the advent of digital holography (Schnars & Jüptner 2002 , Kühn et al. 2008 ) and digital in-line holography (Müller et al. 2004 , Garcia-Sucerquia et al. 2006 , Sheng et al. 2006 , the latter simplifying the optical arrangement greatly. For in-line holography, an expanded laser beam is passed through the measurement volume (e.g., a spray). The undistorted part of the beam arriving at the CCD (charge-coupled device) camera is the reference beam, and the part diffracted by the particles is the object beam. The interference is described by the Fresnel-Kirchoff integral (Schnars & Jüptner 2005) . Noise from secondary scattering can be reduced using various optical filters and enhancement routines (Denis et al. 2005 , Singh & Asundi 2005 , Kim & Lee 2006 . The focal plane of any individual particle, i.e., the position of the particle along the optical axis, can be found using various techniques based on either amplitude (Lefebvre et al. 2000 , Dubois et al. 2006 or on cross-correlations of images taken at sequential slices along the optical axis (Choo & Kang 2006) .
The current state of the art is well summarized by Palero et al. (2005 Palero et al. ( , 2007 , Garcia-Sucerquia et al. (2006), and Sheng & Katz (2010) . Palero et al. (2007) concluded that digital in-line holography is well suited for particle characterization in systems with low particle concentration. The accuracy in the measured droplet size is approximately 5% for digital in-line holography and 1.6% for digital image plane holography, whereby estimated allowable particle concentrations are approximately 70 particles mm −3 for a 1-mm-thick plane illumination. Examples of sizing and tracking other, at times unconventional, particles using digital holographic methods are also abundant (Heydt et al. 2007 , Sheng et al. 2007 ).
The rainbow phenomenon has also been employed for both particle sizing and estimation of refractive index (or temperature). One common use is the rainbow arising from second-order refraction, as illustrated in Figure 7 and also in Figure 2c for the case of a water droplet in air (ϑ s = 137
• ). Ideally the position of the rainbow is dependent only on the relative refractive index and can be measured with an appropriate line detector or camera. The particle diameter influences the angular frequency of the intensity maxima, as expected from Figure 7 .
In terms of exploiting the rainbow for diagnostics, the situation is complicated by several factors. To begin with, the inflection point of the curve, not the angular rainbow position, is independent of particle diameter (see Figure 7b) (Roth et al. 1996) . However, a more severe concern is the appearance of additional interference phenomena arising from further scattering modes. In particular, the reflection interferes with the second-order refraction to create a ripple structure on the rainbow, which was pointed out in detail by van Beeck & Riethmuller (1996) . As the particle becomes smaller, the frequency of the ripple structure approaches that of the supernumerary bows of the main rainbow, and the uncertainty in determining the position of the rainbow becomes intolerably large. Several remedies have been proposed, including to use a low-pass filter (Roth et al. 1991) , to curve-fit the primary fringe of the rainbow (Sankar et al. 1993) , and, more recently, to fit the measured signal to Nussenzveig's (1969a,b) theory, taking into account the ripple structure (Saengkaew et al. 2010) . Section 2.2.5 outlines another solution using femtosecond or short-coherence length light sources. Attempts to improve the measurement accuracy of the refractive index have included the combination of rainbow refractometry with a phase Doppler system for particle velocity and size measurement, which has also been commercially offered (Sankar et al. 1993 , van Beeck & Riethmuller 1996 . (a) Rays contributing to the primary rainbow and the rainbow spectrum generated by the interference of rays from reflection, second-order refraction, and surface waves. (b) The rainbow computed using Lorenz-Mie theory and second-order refraction from Debye series decomposition (300 μm, λ = 488 nm, and m = 1.333, with perpendicular polarization).
Nevertheless, the most severe drawback of rainbow refractometry is its extreme sensitivity to the nonsphericity of the particle, as recognized by Marsten (1980) . Van Beeck et al. (1999 introduced global rainbow refractometry for droplet temperature measurements in an ensemble, whereby the rainbow pattern of many individual particles is superimposed onto one image. The nonspherical droplets result in a uniform background and thus do not influence the wanted interference pattern. Performance measures of this system with respect to temperature, size, and nonsphericity are numerous (Vetrano et al. 2006 , Saengkaew et al. 2007 , Wilms et al. 2008 , Saengkaew et al. 2009 ), but this is no longer a single-particle characterization and falls outside the scope of this review. Semidetnov (1985) and more widely by Albrecht et al. (1993) , is applicable only when the illuminating beam is made to be of the order of the particle size; i.e., the time shift is an effect arising solely from an inhomogeneous illumination of the particle. In principle, a time-of-flight measurement or laser two-focus also exploits a time shift arising from scattering from two separate measurement volumes, albeit detecting the same scattering order. The novelty of the time-shift technique discussed here lies in the fact that the different measurement volumes arise from the same illumination beam but from different scattering orders.
Time shift. The time-shift technique, first introduced by
This principle is illustrated schematically in Figure 8 , shown for a collection angle in backscatter and for a typical liquid droplet (Albrecht et al. 2003) . Instead of only one illuminating beam, a laser Doppler system is used, allowing velocity also to be measured. The time shift between various signal parts on one detector is computed as a spatial shift using the velocity information. For a given refractive index, the spatial shift between scattering orders is then a unique function of particle size and detector position. Effectively we are seeing several virtual measurement volumes imaged by the particle onto the detectors. This technique has also been termed the pulse displacement technique (Hess & Wood 1994 , Lin et al. 2000 , referring to the spatial separation of the signals/measurement volume rather than to the time shift.
The example given in Figure 8 is appropriate to illustrate some additional possibilities for particle characterization with the time-shift technique. First, the technique works not only in forward scatter but also in near-backscatter, allowing sizing in test sections with only one optical access. The size information is given many times redundantly because not only does the distance between individual signal parts on one detector hold size information, but so does the distance between signal parts on different detectors. Furthermore, the distance between the two signal portions of second-order refraction (i.e., between modes 1 and 2) will be dependent on the refractive index, allowing one to estimate the refractive index. The refractive index may also be a function of temperature; hence a temperature estimate is in principle possible. Finally, the ratio of amplitudes between reflection and refractive orders will be related to the absorption in the particle, which may indicate the concentration of a turbid droplet.
Perhaps even more attractive is the insensitivity of the technique to the nonsphericity of the particle, which is a significant advantage over phase Doppler or rainbow techniques (Damaschke et al. 2002a) . Of course, the technique fails if the particle trajectory is such that not all virtual measurement volumes are crossed. The use of laser sheets rather than laser beams can alleviate this difficulty, as indicated in Figure 8b (Damaschke et al. 2003) . The time-shift technique has yet to be demonstrated using fluorescent light.
Pulse delay.
Here we discuss a final measurement principle that is generally less wellknown and is associated with either very short pulse-width lasers (femtoseconds) or shortcoherence length sources. In both cases the pulse width or coherence length is of the order Principle of the time-shift technique shown for a spherical water droplet detected in backscatter using a laser Doppler system for velocity measurement. (a) Five scattering orders are present at this scattering angle: surface wave short path, second-order refraction mode 2, second-order refraction mode 1, reflection, and surface wave long path. (b) Each scattering order is seen at a different instant in time as the particle passes through the beams; four are dominant: surface wave short path together with second-order refraction mode 2, second-order refraction mode 1, and reflection. (c) The signals resulting from the two detectors. Note that the surface wave long path is just visible in the signal. of the particle size or smaller. The formulation of a generalized Lorenz-Mie theory for a particle illuminated by laser pulses was first introduced by Gouesbet & Gréhan (2000) and Mees et al. (2001) and subsequently adopted also for Fourier-Lorenz-Mie theory (Damaschke 2003a , Bech & Leder 2004 . For Lorenz-Mie scattering, the incoming wave is Fourier decomposed in time and is the sum of a large number of individual continuous-plane waves. The far-field scattered Morphologydependent resonances: resonances dependent on shape as well as refractive index of material within a particle field is then the superposition of the scattered field from all these waves. A similar approach is used for shaped beams. The broad bandwidth of a femtosecond laser pulse is equivalent to a short coherence length. Thus, for a pulse length smaller than the difference between the optical path lengths of scattering orders, no far-field interference takes place between the individual scattering orders. The far field is not the superposition of electromagnetic field vectors, but a sum of the intensities of individual scattering orders. This disappearance of scattering lobes is illustrated in Figure 9 by comparing the far-field angular intensity distribution with continuous-wave illumination to a short pulse illumination (Bakic et al. 2008) . Similarly, the nonmonotonic behavior of the scattered intensity with particle size largely disappears. Whether this noninterference is achieved through ultrashort laser pulses, very short-coherence length lasers, or laser diodes is in principle not important, as demonstrated by Peil et al. (2006) . These light-scattering features can be used in diverse manners for particle characterization. The monotonic intensity-size relation is advantageous for intensity-based or intensity-ratio-based techniques, such as Mie/LIF or Mie/planar LIF. Furthermore, morphology-dependent resonances ( Johnson 1993) , which also hamper intensity-based techniques, disappear because of the short coherence length (Bakic et al. 2008) . Perhaps even more intriguing is the use of ultrashortor short-coherence length pulses in rainbow refractometry, in which case the disturbing ripple structure (Figure 7 ) is suppressed and much higher accuracy can be achieved in the size estimate. This is illustrated in Figure 10 , which compares the far-field intensity near the first rainbow of a water droplet for continuous-wave illumination with pulse illumination. The feasibility of applying femtosecond laser pulses to rainbow refractometry has been studied in detail by Bakic et al. (2009) , who present necessary pulse lengths for given particle-size ranges.
Raman scattering.
Raman scattering refers to the modulation of scattered light by the nuclei and electron clouds of the scattering molecules and yields therefore quantitative information about effects of temperature and pressure on these molecules (Schweiger 1990) . Because the Raman spectrum is a fingerprint of the molecule, the chemical composition of the sample can also be identified.
Although not yet widely applied, spatially resolved Raman scattering has been used to characterize microparticles, exhibiting a number of advantages over other spectroscopic techniques (e.g., LIF and coherent anti-Stokes Raman): (a) the simultaneous spatially resolved measurement of the partial densities of all major species, (b) simultaneous spatially resolved temperature measurements, (c) substantially easier quantification, and (d ) in some cases (e.g., temperature and fuel/air ratio) the lack of interference from laser power fluctuations and transmission properties of optics because of the use of a ratio of two simultaneously acquired spectral lines (Grünefeld et al. 1994) . One major disadvantage is that Raman scattering is a very weak effect; i.e., the scattering cross section, which is the total scattered light flux divided by the incident light flux density, is many orders of magnitude smaller that the scattering cross section for Rayleigh scattering. Thus, high laser power is required to achieve low detection limits, which in turn excite, through morphology-dependent resonances, nonlinear effects (e.g., laser emission, stimulated Raman scattering, four-wave mixing, stimulated Brillouin scattering, and stimulated Rayleigh-wing scattering). Vehring (1998) presented a study to establish the limits of linear Raman scattering.
A majority of studies using Raman spectroscopy have focused on probing single spherical liquid droplets, either levitated or as a droplet chain (Buehler et al. 1991 , Fung & Tang 1992 , Vehring et al. 1995 , Moritz et al. 1997 . This is certainly because of the high sensitivity of spontaneous Raman scattering to interfering emissions from other concomitants, for example, in combusting systems. Nevertheless, some studies have demonstrated the use of Raman scattering for multispecies and temperature analysis in spray flames and fired engines (Grünefeld et al. 1994) . Experimentally (blue lines) and numerically (orange lines) obtained angular intensity distributions for rainbow refractometry with a water droplet for coherent and incoherent illuminations. The distributions for coherent illumination are shifted upward by three units.
SUMMARY AND OUTLOOK
Despite the rather wide variety of techniques reviewed in this article, the overall task of characterizing particles as illustrated in Figure 1 has only been modestly met. There are several issues representing future challenges. The need for characterizing sprays is extremely acute, related especially to the energy sector for liquid fuel injection and to the process industry for spray drying. In the former we are dealing not only with liquid fragmentation (i.e., highly nonspherical droplets and ligaments), but also with multicomponent fuels, the components of which exhibit differing rates of evaporation. For reliable prediction of ignition and combustion, the evaporation of fuel sprays and the composition of the fuel mixture must be accurately known, relying on exact measurements for model formulation and validation. Therefore, it is essential to extend diagnostic techniques to capture species concentration in the droplet and vapor concentration in the surrounding gas. This will no doubt require an increased use of techniques depending on inelastic light scattering (i.e., spectroscopic techniques). Similarly, in spray drying, the evaporation rate of complex droplets will provide fundamental information required to properly model the final product's porosity and solubility. This will also require reliable validation data from experiments and, in particular, diagnostics for liquid droplets with high solid content.
In general, the extension of particle characterization to nonspherical shapes is already in high demand. Both direct imaging and digital holography clearly hold great promise in this regard, their development depending to some extent on the sensitivity, resolution, and frame rates of future cameras. Moreover, imaging software to extract particle position and shapes from multiple views is rapidly progressing, and a significant extension to present capabilities can be expected even in the short term.
The remarks in Section 1.3 indicate that substantial progress has been made in a fundamental understanding of light scattering from nonspherical particles; however, this theoretical knowledge is still at a preliminary stage with respect to actual instrument design and development. This is because, in most industrial situations, particles do not possess or keep a unique shape. Even for a given shape, particles will take on various unknown or random orientations. Therefore, electromagnetic scattering theories for nonspherical particles have mostly been used in offline error analysis for instruments that have assumed a spherical shape but encounter nonspherical particles.
Diagnostics for nonhomogeneous particles are not extensively discussed in this article; indeed these are not abundant. However, there is a strong demand for the development of techniques for layered particles or particles with refractive index steps or gradients. This is not only true for many industrial processes, but also for the extension of optical particle characterization to soft matter, especially cell-like structures. In this field, theories for light scattering also exist. However, measurements in reality remain much more complex.
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